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LOW RESISTANCE AND RELIABLE COPPER 
INTERCONNECTS BY VARIABLE DOPING 

BACKGROUND 

[0001] The present invention relates to semiconductor devices, and a method 
for manufacturing a semiconductor device having copper (Cu) interconnects. 
The present invention relates, in particular, to the formation of Cu 
interconnections with improved resistance to electromigration (EM). The present 
invention has particular applicability to high-density semiconductor devices 
with sub-micron design features. 

[0002] Recently developed technology has placed more stringent demands on 
the wiring requirements due to the extremely high circuit densities and faster 
operating speeds required of such devices. This leads to higher current densities 
in increasingly smaller conductor lines. As a result, higher conductance wiring is 
desired which requires either larger cross-section wires for aluminum alloy 
conductors or a different wiring material that has a higher conductance. The 
obvious choice in the industry is to develop the latter using pure Cu for its 
desirable high conductivity. Accordingly, there is a need for electroplating 
methods, materials, and apparatus that can form very narrow conductive 
interconnects made from materials such as Cu. 

[0003] Conventional Cu deposition focuses on the deposition of pure Cu. 
Recently the addition of dopants to the Cu has attracted attention because of the 
better resistance of doped Cu to electromigration and stress migration (SM). The 
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dopant element forms intermetallic compounds with the Cu. In such cases, the 
Cu is typically deposited via a single electroplating process. That is, a single 
plating solution employing one type of plating chemistry is used to deposit the 
material that forms the interconnects. 

[0004] This use of Cu alloys may help solve electromigration problems, but 
including the dopant throughout the entire interconnect increases the resistivity 
of the interconnect. This increased resistivity leads to slower performance 
associated with the semiconductor device. 

[0005] What is needed is an improved method for forming copper 
interconnects. 

SUMMARY 

[0006] A method and system is provided for efficiently varying the 
composition of the metal interconnects for a semiconductor device. A metal 
interconnect according to the present disclosure has an intermediate layer on a 
dielectric material, the intermediate layer having a relatively higher 
concentration of an impurity metal along with a primary metal, the impurity 
metal having a lower reduction potential than the primary metal. The metal 
interconnect has a main layer of the metal alloy interconnect on top of the 
intermediate layer and surrounded by the intermediate layer, the main layer 
having a relatively higher concentration of the primary metal than the 
intermediate layer, wherein the intermediate and main layers of the metal alloy 
interconnect each maintains a material uniformity. 
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[0007] For varying the composition of the metal interconnects, in one example, 
a variable plating voltage is used to drive the electro-chemical deposition from a 
plating solution containing a predetermined impurity metal/ dopant. For 
properly designed equipment, the relative composition of the primary metal and 
its dopants deposited at a given time will depend on the plating voltage imposed 
so that the dopant profile of the interconnect can thereby be easily controlled. 

[0008] These and other aspects and advantages will become apparent from the 
following detailed description, taken in conjunction with the accompanying 
drawings, illustrating by way of example the principles of the disclosure. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIGs. la - lg graphically illustrate the fabrication process of a single 
level of metalization with metal interconnects according to one example of the 
present disclosure. 

[0010] FIG. 2 is a flowchart showing the steps for fabricating the metal 
interconnect. 

DESCRIPTION 

[0011] The present disclosure provides an improved method for forming metal 
interconnects. The fabrication of the metal interconnects would follow the 
industry standard Damascene Metalization (DM) or Dual-Damascene 
Metalization (DDM) techniques. In the context of integrated circuits the term 
'Damascene' implies a patterned metal layer imbedded into an insulating layer 
such that the top surfaces of the two layers are coplanar. 
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[0012] FIGs. la-lg illustrate a fabrication process for forming metal 
interconnects according to one example of the present disclosure. FIG. la 
illustrates a semiconductor device 100 in the fabrication process. It is assumed 
that a wafer has been completed through the standard Dual-Damascene 
metalization process. That is, via 102 and trenches 104 have already been etched 
into an underlying dielectric insulation layer 106. 

[0013] Next, in FIG. lb, a very thin, highly continuous "seed" layer of Cu 110 
will be deposited by some suitable means known to those skilled in the art. This 
seed layer is the first of three layers, which will together constitute the current 
level of metalization. 

[0014] In the next step, illustrated in FIG. lc, deposition of an "intermediate 
layer" of Cu alloy 118 has begun. This intermediate layer 118 is deposited by an 
electroplating process generally referred to as ECP. It is desired that this 
intermediate layer 118 be composed of a relatively high level of dopant (e.g. Sn 
or tin) mixed with the Cu. This dopant element would generally be chosen to 
have a lower reduction potential than Cu. 

[0015] The electroplating bath composition, temperature and the plating 
voltage are chosen to accomplish this high level of dopant. This plating voltage 
is supplied to the wafers through an electrical connection made to an electrically 
conductive wafer carrier and then through the electrically conductive seed layer. 
This plating voltage is applied for a controlled time period required to achieve a 
desired final thickness (as shown in FIG. Id) for this intermediate metal layer 
120. In practice, the plating voltage varies widely. For example, it can be 



SF\40003.2 



-4- 



EXPRESS MAIL LABEL NO.: EV175963456US 



ATTORNEY DOCKET NO. N1085-00144 
[TSMC2002-0854] 



between ImA/cm 2 to 50mA/ cm 2 , with a bias between 0.2V to 8V. Additionally, 
the plating temperature is between 15 to 28°C, and the time duration for plating 
depends on the current employed, usually less than 2 minutes. 

[0016] At this point, the via 102 will be mostly filled with the heavily doped 
metal alloy. As EM problems are frequently localized at the via 102 locations, so 
the high dopant content of this intermediate metal layer 110 is perfectly suited to 
minimize those EM problems. It is understood that the chip design rules for 
maximum electrical current density and maximum sheet resistance for this 
current level may make either the EM of the vias or the resistance (per unit 
length) of these minimum-width lines to be the tighter constraint. In case that 
the EM of the vias is the tighter restraint, it would be advantageous for these 
minimum vias and/ or lines to be on the order of twice the thickness of the 
intermediate layer 110. 

[0017] The next step, illustrated in FIG. le, is to deposit the "main layer" of the 
current level of Cu metal or Cu alloy 130 with a low concentration of impurities, 
also by ECP, without interrupting the deposition process, by simply adjusting 
the plating voltage (typically to a lower value close to zero) so as to minimize the 
dopant concentration in this main layer 130 of metal. Generally speaking, the 
main metal area has less impurity contents so that it is largely formed by lightly 
doped copper or pure copper due to consideration for resistivity. On the other 
side, the intermediate layer, which is the lower portion of the via, has the highly 
doped (or less pure) copper for EM concerns. 
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[0018] It is also understood that although the main layer of Cu is deposited 
without interrupting the standard deposition process, alternatively, this main 
layer 130 could be formed by using a separate deposition/ plating step (probably 
using a separate ECP apparatus). In essence, this main layer of Cu 130 should 
have a desired minimum thickness to provide a conductive layer of a low 
enough electrical resistance plus a safe margin to allow for the future CMP step. 

[0019] The next step, illustrated in FIG. If, is using CMP (chemical mechanical 
polishing) to remove all traces of metal (seed layer 110, intermediate layer 120, 
and main layer 130) located outside the trench and thus higher than the desired 
final top edges of the dielectric 110. Also note that according to standard 
DM/DDM procedure a sufficient amount of the top of the main layer 130 inside 
the trench, together with the top of the dielectric layer 106, will be sacrificially 
removed during the CMP process so that the surface of the wafer is coplanar, as 
shown in FIG. If. 

[0020] All heat treatments following this step will have the effect of diffusing 
the dopant atoms from the intermediate layer into the adjacent seed and main 
layers of the current level of metalization. The initial deposition conditions 
should be chosen to take this additional dopant drive-time into consideration. In 
addition, the physical profile of the intermediate layer and the main layer may 
change due to other thermal processes for fabricating the semiconductor device. 

[0021] At this point (FIG. If) the current level of metalization is complete. If 
another level of metalization is to be fabricated, a next layer of dielectric 
insulation 140 (illustrated in FIG. lg) would be deposited, and the following level 
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of DM or DDM metal would be formed in similar fashion to the level just 
described. If the current level of metalization were to be the last level, then 
following this step would typically come a so-called passivation (protective 
insulating) layer deposition (not shown). 

[0022] It is further noted that it is impractical to reverse the compositions of the 
main and intermediate layers for reducing the EM due to the difficulty for 
controlling the desired concentration profile after several thermal cycles in later 
fabrication process. For example, if one uses Cu alloy seed, pure Cu for the 
intermediate layer, and doped Cu for the main layer, after multiple thermal 
cycles, it is very easy to have the intermediate and main layers lose their integrity 
and form an "entire doped metal interconnect" layer, thereby canceling the real 
advantage of having doped Cu in the metal interconnects. The other drawback 
for such an approach is the cost. A much higher cost will be incurred since it is a 
much more complicated fabrication process. 

[0023] FIG. 2 is a flowchart 200 illustrating the steps for making the Cu 
interconnects. In step 202, the wafer has been completed through the standard 
steps of the Dual-Damascene metalization process. That is, the vias and trenches 
have already been etched into the underlying dielectric insulation layer. In step 
204, a very thin, highly continuous "seed" layer of Cu is deposited. In step 206 
the wafers are introduced into a chemical bath for the purpose of depositing an 
"intermediate" metal layer. This intermediate layer is to be deposited by an 
electroplating process. This plating voltage is applied in step 208 and continues 
in step 210 for a predetermined time period required to achieve the desired 
thickness for this intermediate metal layer. 
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[0024] The next step 212, according to this example, is to deposit another layer 
of Cu metal, by simply adjusting the plating voltage so as to minimize the 
dopant concentration in this main layer of metal. This step 212 is done without 
interrupting the deposition process. This main layer of Cu is of a thickness such 
that wide metal areas have the desired minimum thickness. 

[0025] The next step 214 is the standard CMP process-step used to remove all 
traces of metal (seed layer, intermediate layer, and main layer) located outside 
the trenches and higher than the desired final top edges of the dielectric. 

[0026] At this point the current level of metalization is complete. If another 
level of metalization is to be fabricated, in step 216 a next layer of dielectric 
insulation would be deposited, and the next level of DM/DDM metal would be 
formed in similar fashion to the level just described in step 218. If the current 
level is the last metal level then instead would come a so-called passivation 
(protective insulating) layer deposition (not shown). 

[0027] In another example, instead of a 2-step ECP process, the complete profile 
composition of the current metal level is controlled by continuously varying the 
plating bias to achieve as complex a series of layer as might be beneficial. 

[0028] Various benefits are achieved over conventional approaches. The 
standard stress migration at 500 hours property has shown to be greatly 
improved with Tin doped Cu replacing the pure Cu all through for the 
interconnects. Table I below illustrates the EM feature improvement with 2-5 
times increase in terms of the standard Tso/Jmax. 
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Wafer Lots 


1 


2 


3 


Cu Alloy % 


CuOnly 


Cu+0.5% Sn 


Cu+ 0.5% Sn 


Jstress (A/cm2) 


2.0E+06 


2.0E+06 


2.0E+06 


Temp. (C) 


350 


350 


350 


Ri 


178.3 


173 


175.7 


Tso (hr) 


30.13 


102.85 


114.06 


To.i (hr) 


1.36 


9.23 


5.66 


Jmax Ea=0.8 n=2 


7.85E+05 


2.05E+06 


1.60E+06 



Table I 



[0029] The above disclosure provides many different embodiments, or 
examples, for implementing different features of the invention. Specific examples 
of components, and processes are described to help clarify the invention. These 
are, of course, merely examples and are not intended to limit the invention from 
that described in the claims. 

[0030] While the invention has been particularly shown and described with 
reference to the preferred embodiment thereof, it will be understood by those 
skilled in the art that various changes in form and detail may be made therein 
without departing from the spirit and scope of the invention, as set forth in the 
following claims. 
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